XP-000982449 



REPORTS 

Bax and Adenine Nucleotide 
Translocator Cooperate in the 
Mitochondrial Control of 
Apoptosis 

Isabel Marzo/ Catherine Brenner.* Naeufal Zamzami, 
Juliana M. JQrf ensmeien Santos A. Susln. Helena L A. Vielra. 
Marie-Christine Provost. Zhihua Xie. Shiseml MaUuyama, 
John C Reed. Guido ICroemert 

The proapoptDtic Bax protein Induces cefl death by acting on mitochondna. Bax 
binds to the permeability transition pore complex (PlPC). a composite pro- 
teaceous channel that is involved in the regulation of mitochondrial mmbrane 
permeabOJty. Immunodepletion of Bax from PTPC or purification of PTPC from 
Sax-deficient mice yielded a FTPC that could not permeabtUze membranes in 
response to atractytoside, a proapoptotic Ugand of the adenine nucleotide 
translocator (ANT). Bax and ANT cotmmuno^ectpitated and interacted in the 
yeast two-hybrid system. Ectopic expression of Bax induced cett death in 
wild-type but not in ANT-deficient yeast Recombinant Bax and purified AMT. 
but neither of them alone, efficientty fbnned atractyloside-responsive channels 
in artificial membranes. Hence, the proapoptotic molecule Bax and the con- 
stitutive mitochondrial protein ANT coo per a te within the PTPC to hioease 
mitochorxirial membrane permeability and to trigger celt death. 

Pro- and antiapoptDtic members of the Bcl-2 some, on ceUnlar redox potentials, and on tbe 
family have pleiotiDptc effects <m caqiase bainerinDCtkmof mitochoDdrial membfanes 
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opening agent that acts on one of the PTPC 
components, ANT (also caUcd ATP/ADP 
carrier)— induced dissipation and mi- 

clear apoptosts when microinjected into cells 
with an efficiency of s80% (Fig. lA). We 
found no such effects for a mutant inactive 
Bax protein (AIGDE) {lOl ^ch lacks a 
mocir within the BH3 domain essential for 
homodimerization, nor for a Bax protein 
(Aa5/6) lacking the putative pore-ibnning 
domain a5/6 between BHl and BH2 (10) 
(Fig. lA). 

The mitochondrial and nuclear effects of 
Bax are prevented (<10%) by three prototypic 
inhibitors of the PT pore: cyclosporin A (CsA) 
{8, J I, 12), the noninmxunosiqjprBsave CsA 
derivative Mmethyl-4*VaK:sA (m.CsA« wfaidi 
can still bind to mitDchondrial cyclc^hxliQ D) 
(77), and bongkiekic acid (BA), which binds to 
another site of the ANT than Atr (13) (Fig. 1 A). 
These three inhibitors also prevented the effects 
of Bax on isolated mitochondria: A*^^ reduc- 
tion (Fig. 1. B and C), release of cytodHome c 
(Fig. IE), and release of a factor different from 
cytochrome c (2) that causes isolated nuclei to 
iiagment their DNA m a cell-free syston [^x>- 
ptosis-inducing factor (AIF)] (Fig. ID). In oon- 
tiast, the caspase inhibitor z-VAD.fink did not 
inhibit the AH^^, dissipation induced by Bax 
microinjection, although it did inhibit nuclear 
apoptosis. Bax-mediated effects on mitochaii- 
<hia and nuclei also did not require de novo 
protein synthesis (Fig. lA). Thus, the effect of 



Bax on mifioctendria invoWes a close function- 
al inieiactk>n with pharmarological targets 
of BA and CsA. 

The PTPC contaiiis several coxistimtive 
mitnctondrial membraDe proteins, including 
the inner transmembrane protein ANT and 
the soluble matrix protein cyclophilin D (77, 
12). PTPC isolated from the rat brain normal- 
ly contains Bax (14) and can be reconstimtBd 
inio liposomes, where it regulates liposomal 
membnme permeability similarly to the PT 
pore in intact mito^umdria (14, 15). Addition 
of the hydrophilic ANT ligand Atr (w^h 
binds to the intermembrane foce of the ANT) 
(13) caused liposomes containing PTPC (16) 
to release small molecules sudi as pHJghi- 
cose (180 dahons. Fig. 2A) or DiOC«(3) (573 
dahons, Fig. 2, C and DX but not pH]inuIin 
(S200 daltons. Fig. 2B), indkatisg that PTPC 
liposomes contain ANT with the Atr-binding 
site at the surface, which is in the same 
orientation as in mitoplasts. When Bax was 
immimodcpleted torn PTPC before PTPC 
recoristitution into liposomes, the resulting 
complex failed to re^Mod to Atr (Fig. 2, A 
and D). This caiBiot be due to depletion of the 
Atr target because Bax-immunodepleted 
PTPC still ooDfiained ANT molecules (Fig. 
2C) and because reoombinant Bax (but not 
recombinant Bcl-2) added to Bax-depleted 
PTPC could restore a CsA- or BA-inhibitable 
response to Atr (Fig. 2D). Moreover, tfiis is a 
selective effect, because the Bax-depleted 



PTPC continued to respond to the reactive 
oxygen species donor rerr-butylhydrq>crox- 
ide (r-BHP) (Fig. 2, A and D), the thiol- 
cxx>ss-linking agent diamide (Fig. 2D), and 
caspascs 1 or 3 (77). Bcl-2 prevented the 
f-BHP-induced membrane peimeabilization, 
even when Bax was depleted from the PTPC 
(Fig. 2D), in accord with the fact that Bci-2 
can exert at least some of its death-antago- 
nistic effects in the absence of Bax (7^, 19), 
When purified fit)m the brain of Bax- 
defident (Bax^^") mice and reconstimted 
into liposomes, PTPC did not respond to Atr, 
whereas PTPC from control mice (Bax*'"^) 
respoisded iK>rmally (Fig. 3A). Again, this 
defect is selective for Atr (but not r-BHP or 
diamide) and could be reverted by the addi- 
tion of Bax (but zkot the inactive Bax mutants 
AlCra or Aa5/6; Fig. 3A), thus confirming 
the data obtained with Bax-immunodepleted 
rat PTPC. In additi<», Atr did not disrt^t the 
A4^„ of liver mitochondria purified from 
Bax"^^ mice in conditions in which it caused 
a collapse in mitodiondiia from control 
(Bax*'"^) mice (Fig. 3B). Further genetic ev- 
idence fcT the Bax-ANT co(^>eration was ob- 
tained in yeast (Saccharomyces cerevisiae) 
cells in ^^ch all three genes coding for ANT 
isoenzymes were inactivated. Transfection of 
wiM-type yeast with galactose*iiiducible Bax 
plasmid resulted in markedly reduced colony 
fotmation on galactose plates (<1% survival 
after 24 hoivs of Bax overexpression), coit- 



Fif. 1. Bax effects are neutralized by inhibitors 
of the PT pore. (A) Microiniection of Bax or Air 
induces dissipation and nudear apoptosis 
in a BA-inh»it^e fashran. Rat-1 fibroblast 
cells were microinjected with Atr (50 pJH). Bax 
(1 fiM), mutant Bax proteins (AlCDE or Aa5/6). 
or buffer only. BA (50 pM), CsA (1 i&HK m-CsA 
(1 y.n SDZ 220-384: Novartis. Basel. Switzer- 
land), the caspase inhibitor z-VAD.fmk (SO pJ^. 
Bachem. Basel Switzerland), or the protein syn- 
thesis inhibitor cydoheximide (CHX 35 pJA) 
were added to the culture medium 30 min 
before microinjection into the cytoplasm (pres- 
sure ISO hPa; 02 s). After microinjection, ceils 
were cultured for 90 min and stained for 10 
min with the potenttal-sensitive dye CMXRos 
(100 nM. red fluorescence; rtegative control 
obtained with SO ixM protonophore (CCCP) 
added before staining] and the DNA-mtercalat- 
ing Hoechst 33258 dye (1 p.K blue fluores- 
cence). Microinjected viable cells (100 to 200 
per sessioa two to four independent sessions of injection) were identified by inclusion of 2.5% (w/v) 
fUiorescein isothiocyanate-labeled dextran (green fluorescence) in the tnjectate (not shown). Repre- 
sentative microphotographs of microinjected cells are shown. (B) Bax causes At^^ reduction in isolated 
mitochondria Bax or its mutants (AlCDE or Aa5/6) were added to purified {32] mouse liver 
mitochondria (1 mg of protein per miliaiter) resuspended in 220 mM sucrose. 68 mM mannitol 10 mM 
KCl 5 mM ICHjPO^ 2 mM MgO^ 500 >iM ECTA 5 mM succinate. 2 |iM rotenone. 10 mM Hepes (pH 
72). The A*„ was monitored by measuring the quenching of rhodamine 123 fluorescence (5 jiM) (5). 
The protonophore CCCP (10 jiM) served as positive control (100%) of A^™ dissipation (mean S: SO 
of triplkates; represenutive of six experiments). 198. negative control (C) Inhibitory effect of BA (50 p.M). CsA (1 p-M), and m.C$A (1 pM) on the 
Bax-induced (1 pK 60 min) A^„ dissipatwn. The A>i^„ dissipation was measured as in (B). (D) Inhibitory effect of BA CsA or m.CsA on the 
mitochondrial release of apoptosis-indudrig factor. The supernatant of mitochondria treated with Bax or PT pore inhibitor, or both as in (C) was added 
to isolated Hela nudei. and DNA loss occurring after 90 min of incubation was assessed by cytofluorometric analysts of propidium iodide-stained 
nuclei (33). (E) Bax-induced cytochrome c release and its inhibition by BA CsA and m.CsA (Co.. control). The supematants of mitochondria incubated 
as in (O) were subjected to immunoblot ana^sis (34). 
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, sirtent with previous reports that Bax kills 
yeast cells through a mitochondiia-tai^etizkg 
mechanism (9, 20). In contrast, ANT-defi- 
cient yeast were completely resistant to Bax, 
forming colonies comparable to cells trans- 
formed with control plasmids (Fig. 3C). 
These data emphasize the functional interac- 
tion between Bax and the Atr target ANT. 

Ld mammalian cells, Bax and ANT coim- 
munoprecipitated (Figs. 2C and 4 A), thus 
supponmg our observation that Bax copini- 
Tied with PTPC, which contams ANT protein 
(14) (Fig. 2C). We observed the mteraction 
between ANT and Bax in different tissues 
including rat braio (Fig. 2C), mouse hvcr, 
and human HT-29 colon cancer cells (Fig. 
4A). In this laner cell hne, ANT and Bcl-2 
also coimmunoprecipitated (21) (Fig. 4A). 
This interaction is likely to be direct, on the 
basis of two observations. First, in a yeast 
two-hybrid system (22) a fragment (amino 
acids 105 to 156) of the ubiquitously ex- 
pressed human ANT2 isoenzyme mteracted 
with Bax and with its close bomolog Bak as 
well as with BcI-2 (Fig. 48). Second, re- 
combinant Bax and purified ANT cooper- 
ated to reproduce some features of the 
PTPC in vitro. For the latter experiments, 
ANT was purified to >95% homogeneity 
and found to be uncontaminated by other 
proteins typically contained in PTPC (cy- 
clophilin D, ponn, and Bax) (23). When 
incorporated into liposomal membranes, 
only the combination of purified ANT and 
Bax, but neither molecule alone, efficiently 
permeabilized the liposomal membranes in 
the presence of Air (Fig. 4C). Thus, in these 
conditions. ANT and Bax are necessary and 
sufficient to form Atr-sensitive pores in 
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artificial membranes. It is of note that in 
this system Bax cannot be replaced by Bcl- 
2, Bax AIGDE, or Bax Aa5/6 (Fig. 4C), 
supporting the idea that homodimerization 
of Bax (deficient in Bax AIGDE) and pore 

Fig. 3. Genetic evidence for the functional inter- 
action between Bae and ANT. (A) Comparison of 
purified PTPC from wild-^e (Bax*'*) or Bax- 
defident (Bax"'*) mice. PTPC was extracted 
from the brains of Bax*'* or Bax"'" mice, re- 
constituted into liposomes, and tested for a re- 
sponse to Atr (100 ^M). t-BHP (200 ^lM). or 
diamide (100 m-M)* followed by determination of 
OiOCe(3) retention as ii Rg. 2D. Bax protein or 
tMo inactive mutant Bax proteins (AIGDE or 
Aa5/6) were added to PTPC from Bax"'~ animals 
to restore the Atr response. (B) Fatlure ol mito- 
chondria from Bax"'* mice to respond to Atr. 
Isolated hepato^te mitochondria from Bax*'* 
or BaK-'~ animals were treated viAth Atr (S mH) 
or the protonophore CCCP (50 itM), The A'i'^ 
was measured wHh the potential-sensitive fluo- 
rochrome chloromethyl-X-resamtne (CMXRos) 
(100 nM. 15 min, room tempciature) and analysis 
in a FACS Vantm cytofhiorameter (Becton Dick- 
inson. —5 X 10* mitochondria per curve). Similar 
results were obtained when, instead of CMXRos. 
rtiodamlne 123 dequenching (CCCP « 100 
control - 0%) yos measured as in Fig. 2B (92 ± 
4% and 7 ± 3% for Atr-treated Bax*'* and 
Bax"'~ mitochondrial respective^, mean ± SEM 
of triplicates). Results are representative of four 
experimertts on three independent mitochondrial 
preparations ^ < OJ0O^, Student's t tes^ (C) 
Failure of Bax to kill ANT-deficient yeast crils. 
Wild-type yeast cells or celts taddr^ all three ANT 
genes were transfected with a gaiactose-indudble 
vector pJC-4-5-Bax (or pjC-4-S-vRas as a control, 
Co.). Bax or vRas es^ression was induced by 
switching culture conditions from a giuoose-con- 



fonnation (deficient in Bax AaS/6) are re- 
quired for the proapoptottc effect of Bax 
(6-8, JO), 

Wben incorporated into artificial mem- 
branes, relatively large amounts of Bax can 
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taining to a gaiactose-containtng medium for the indicated period, and the donogenic potential of yeast 
cells was assessed (20). Results are es^essed as mean ± SEM of triplicates (SEM bars most^ obscured 
by symbols) and were reproduced twice. 



Fig. 2. Bax Immunodepletion from PTPC abolislies the A 
Atr-induced permeabilization of liposomal membranes. r^i 
PTPC liposomes were immunodepleted from Bax. and 
their hinctionai behavior vwas compared with control 
liposomes, which did contain Bax. (A) Bax depletion 
abolishes the AU-induced release of l'H|giucose. PTPC 
immunodepleted of Bax (black squares) or sham-immu- 
nodepleted (open circles) was incorporated into lipo- 
somes generated in the presence of ('^Clcholcsterol 
(v^ich incorporates into membranes) and pH)glucose 
(which marlcs the aqueous lumen), followed by addition 
of Atr (500 M.M) or r-BHP (200 p.M). molecular sieve 
chromatography, and determination of the radtoactivi^ 
in liposomes (fractions 1 to 4) and the extraliposomal 
fluid (fractions 6 to 10). (B) Selectivity of the PTPC Either 
PH]glucose or pHjinulin was encapsulated into control 
proteoliposomes. Then, the release of either of the radio- 
active substances [sum of factions 6 to 10 as in (A)] was 
determined as in (A) in response to the detergent Triton 
X-100 (TX, final concentration 2%). Atr (SOO jaM). or 
t'BH? (200 ixM). (C) Immunodepletion of Bax from PTPC. 
PTPC was enriched by anion exchange chromatography, 
followed by immunodepletion of Bax or sham-immunodepletion with protein A and C agarose beads. The proteins remaining in PTPC or those attached 
to agarose beads were subjected to imnuinodetection of Bax or Al^fT. (D) Bax depletion selectively blocks the Atr-triggered release of DiOC^lB) from 
PTPC proteoliposomes. Bax-immunodepleted (Bax") or control PTPC liposomes were treated with Atr [100 jiM; es in (D)). t-BHP (200 ^M), diamide 
(diam.) (100 jiM), CsA (1 jxM). or BA (50 equilibrated with DiOC^(3). and examined for DiOC^(3) retention in the cytofUiorometer (rec, 
recombinant). Triplicates of 5 X 10* liposomes were analyzed and results were expressed as percent of reduction of 010X5(3} fluorescence, considering 
the reduction obtained with 0.25% SOS in PTPC liposomes as 100% value, as described [18), Results are representative of three to five independent 
determinations. 
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fonn chanDcls with several levels of conduc- 
tance and little if any ion selectivity (24). 
Similaily, the purified ANT molecule can 
fonn nonspecific channels in anificial mem- 
bianes in the presence of long-chain &tty 
acids or Ca^* (23, 25). At the concentrations 
used here, the ANT-Bax complex on its own 
did not enhance the pcnneabQity of mem- 
branes unless Atr was supplied. This is com- 
patible with evidence that Bax, though 
present in many cell types, docs not trigger 
apoptosis on its own but rather increases the 
susceptibility of cells to the induction of 
apoptosis by exogenous stimuli (2d). 

Atr facihtaied the ANT*Bax-<lq>aidenl in- 
crease in membrane pemieability (Figs. 2 to 4), 
vwliereas BA had the opposite effect (Figs. 1 and 
2D). Atr binds to the external adenosine diphos- 
phate (ADP)-binding site of ANT and bcks it 
in the **c-state," which is compatible with PT 
pore opening. In contiast, BA binds to the 
internal adenosine triphosphate (ATP)-binding 
site of ANT and locks it in the **tn-stater whidi 
prevents PT pore opening in response to a wide 
anay of agents (2, 12, 13), Thus, the ANT 



coofonnation evidotly detomines pore fonna- 
tion by the Bax-ANT complex. The endoge- 
QoiB modulatots of ANT oonfonnation may 
inchide ATP/ADP ratios, Ca**, ceQular redox 
status, and 6tty aod metabolites (23, 25, 27, 
2S). By analogy to some receptor onnplexes, 
the PTPC could be oiganized into several func- 
tional iwitt?^ whidi are re^nsibte for distinct 
biological responses. In ^ scenario, intecact- 
ing pairs of ANT-Bax molecules would fonn 
one particular pare-fcmning unit. Additional 
units regulated by other physic^ogical effectors 
could arise from interactions of ANT (or ANT- 
like mitochoDdrial solute carriers) with outer 
membrane proteins, inchidiiig porin {14, 28) est 
peilidps pioteins of the mittKfaandrial protein 
import macfaineiy (29). Several ANT-like ^o- 
teins can form large coiiductaDoe pores (i<7) aiid 
are targets of diamide (11, 31\ a PT pore- 
c^)ening agent not influenced by Bax (F^ 2D 
and 3A) or Bct-2 (14, IS). Hence, it is possible 
that different combinatioQS of inner and otiter 
membrane proteins simuhaneousty regulate mi- 
tochondrial membrane pemEieability and re- 
spond to distinct pioapoptDiic signal transduc- 



tion or damage pathways. 

Given that bodi ANT and Bax can form 
pores (23-25), it is conceivable that the ANT- 
Bax ccmiplex could form a gap junction-like 
oonduit at the inner-outer membrane contact 
site or regulate the permeabib^ of the outer 
and inner mitodiondrial membranes in a co- 
<miinate fashion, or botfL Alternatively, tra- 
der some cixctmistanoes, Bax could translo- 
cate to and act primarily on the inner mem- 
brane in a colicin-Iike fashion. This latter 
possibility is underscored by immunoeiectrcm 
microscopy data indicating that, upon treat- 
ment widi Atr, Bax redistributes from the 
outer 10 the inner mitochondrial membrane. 
This redistribution has a diffuse rather than 
clustered pattern and is inhibited by CsA 
(Fig. 4D). Moreover, when added to mito- 
plasts, Bax and Bcl-2, but not the mutant 
proteins BaxAa5/6or Bcl-2iia5/6, interacted 
with the mitochondrial mner membrane in a 
CsA^nhibitable faction (Fig. 4E), suggesting 
that the interaction of Bax with the iimer 
membrane depends on the confonnation of 
the FTPC. A stibtle derangement in vohmie 
homeostasis of the mitochondrial matrix fa- 
cilitated by Bax could provoke the local 
mechanical disruption of the outer mem- 
brane, as this has been suggested by the 
study of mitochondrial ultiastructure in 
optotic cells (5). This may explain why 
opening of the PT pore, whidi does not 
allow for the transit of moleotles like inulin 
(5200 daltons; Fig. 2B) or cytochrome c 
(14 kD) (14\ can trigger the release of 
intermembrane proteins through the outer 
membrane. Alternatively, or in addition, 
Bax may undexgo ANT-dependent confor- 
mational changes or oligomerization events 
that permit it to form protein-translocating 
channels in the outer membrane (S). 

In conclusion, PTPC may contain sevend 
diarmel-forming pioteins that cooperate to 
mediate apoptosis responses. One such pair 
of cooperating proteins comprises the ccmsti- 
tutive mitochondrial mner membrane protein 
ANT and the pro^>optotic Bcl-2 analog Bax. 
This discovery provides a biochemical and 
mechanistic link between the PT pore and the 
mode of action of apoptosis res^tory pro- 
teins of the Bcl-2-Bax family. 
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Rg. 4. Physical and func- 
tional interaction between 
Bax and ANT. (A) Coimmu- 
noprectpitation of Bax and 
ANT. Triton-solubillzed 
mitochondria from HT- 
29 cells were precipitat- 
ed with antibodies (des- 
ignated by a) specific for 
Bax. Bd-2, ANT, or human 
(L-4, followed by protein 
immurtoblot end imnruno- 
detection of Bax« 8cl-2» or 
ANT. as indicated (B) 
Physical interaction be- 
tween the ANT (human 
ANT2. amino adds 10S to 
156) and Bax, as revealed 
by a yeast two-hybrid sys- 
tem. ^-Calactosidase ac- 
tivity indicative of positive 
interactions and negative 
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results, are listed. (C) Bax and ANT cooperate to penmeabilize 
membranes in response to Atr. Recombinant purified BasQ two 
inactive mutant Bax proteins (AlCDE or Aa5/6), Bcl-2. and 
purified ANT from rat myocardium {24) were incorporated 
into phosphatidytcholine-cardiolipin (1 :46 w:w) vesicles (300 
ng of ANT per milligram of lipid; 50 ng of Bax. BaxAICOE. 
BaxAa5/6. or Bci-2 per mittigiram of l^id) either alone or 
together. The response to different doses of Atr was evalu- 
ated by measuring the DiOC6(3) retention as In Fig. 2D. 
Results are representative of three independent experiments. 
(D) Submitochondrial redistribution of Bax upon treatment with Atr. Purified mouse liver 
mitochondria were incubated during 30 min with 5 mM Atr or 1 }xM CsA or both, fbced, and 
subjected to immunoelectron microscopy for the detection of Bax [anti-Bax plus Immunogqld 
(5 nm) an ti- rabbit immunoglobulin conjugate]. Representative micrographs counterstained 
with uranium acetate are shown. The number of grains located on the interrial (hatched bars) 
or external (white bars) mitochondrial membrane were counted. Numbers indicate the number 
of grains per mitochondrion (mean ± StM, n = 100; baclcground value obtained with 
preimmune serum <0.1). (E) Interaction of Bax and Bd-2 protein with the inner mitochondrial 
membrane. Mouse Ihrer mitoplasts (35) (50 pug of protein in 50 p.!; same buffer as in Rg. IB) 
were incubated in the absence (Co.) or presence of ^ ixH Bax, Bax Aa5/6. Bcl-2, or Bcl-2 Aa5/6 
protein (30 min, 37**C). in the presence or absence of 1 ^M CsA (denoted by + or — ). washed 
(10 min. IO.OOO9. 4*C) three times, subjected to SOS- PACE and immunodetection of Bax or 
Bcl-2 with antibodies recognizing both ttie nath^e and the Aa5/6 proteins. 
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Patteming and growth of the Drosophila 
wing depend on signaling between cells in 
different compartments (7, 2). This signaling 
establishes specialized cells along compart- 
ment bouadaries, which in turn secrete mol- 
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ecules that regulate wing developmeoL The 
fringe i/hg) gene regulates signaling between 
dorsal and ventral cells (i). Fringe protein 
(FNG) is produced by dorsal cells and inhib- 
its cells* responsiveness to the Notch ligand 
Serrate (SER), while potentiating cells* re- 
sponsiveness to the Notch ligand Delta (DL) 
{4y 5). This results in activatian of Notch 
along die fi^ expression border, which nor- 
mally corresponds to the dorsal-ventral (D*V) 
oompartment boundary. Lx>cal accivatioo of 
Notdi in the wing is both necessary and 
sufficient for long-range effects on the fate 
and proliferation of wing cells (7, 2). 

Strict compaxtment boundaries have not 



Dorsal-Ventral Signaling in the 
Drosophila Eye 

Venizelos Papayannopouios. Andrew Tomlinson. 
VladisUv M. Panin. Cordelia Rauskolb, Kenneth D« Irvine* 

The development of the OmophHa eye has served as a model system for 
invest^atioffB of tissue patterning and cell-cell commiinication: however, earty 
eye development has not been well understood. The results presented here 
indicate that speciaiiied ceOs are established along the dorsal-ventral midline 
of the developing eye by Notch-tnediated sipiaUrig between dorsal and ventral 
cells, and that Notch activation at the midline plays an essential role both in 
promoting the growth of the eye primordia and 'm reguUttng eye patterning. 
These observations imply that the developmental homology between 0ro- 
sopfilCa wings and vertebrate Umbs extends to Drosophila eyes. 
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